Over the last decade, there have been remarkable developments in live-cell imaging. We can now readily observe individual protein molecules within living cells and this should contribute to a systems level understanding of biological pathways. Direct observation of single fluorophores enables several types of molecular information to be gathered. Temporal and spatial trajectories enable diffusion constants and binding kinetics to be deduced, while analyses of fluorescence lifetime, intensity, polarization or spectra give chemical and conformational information about molecules in their cellular context. By recording the spatial trajectories of pairs of interacting molecules, formation of larger molecular complexes can be studied. In the future, multicolour and multiparameter imaging of single molecules in live cells will be a powerful analytical tool for systems biology. Here, we discuss measurements of single-molecule mobility and residency at the plasma membrane of live cells. Analysis of diffusional paths at the plasma membrane gives information about its physical properties and measurement of temporal trajectories enables rates of binding and dissociation to be derived. Meanwhile, close scrutiny of individual fluorophore trajectories enables ideas about molecular dimerization and oligomerization related to function to be tested directly.
Background
Understanding the network of molecular interactions inside cells enables us to understand how cells function. A common starting point is to study one molecule of interest, which perhaps plays a pivotal role in a particular pathway (be it a protein, ligand, RNA, lipid etc.). Biophysical, biochemical and bioinformatic analyses enable us to then characterize its properties at the molecular level using in vitro or model experimental formats. However, a complete understanding requires that we investigate the behaviour of a particular molecule in its cellular context, where it might interact with many other molecular partners. We often try to approximate physiological conditions by working with defined mixtures of molecules, but we need to go back to the intact living cell to fully test our ideas.
Thus there is a great deal of interest in single-fluorophore imaging in the context of systems biology [1] , because we now need to obtain a detailed molecular understanding within the context of the cellular milieu. Single-molecule experiments have a great advantage over bulk studies because the kinetic and dynamic behaviours of molecular interactions can be Key words: bioimaging, cell biochemistry, fluorophore, image processing, live-cell imaging, single molecule.
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obtained from steady-state observations. By analogy, if we had a dye in solution that exists in two forms, perhaps blue and red, the equilibrium constant between the two states could be estimated from the hue of its purple coloration. Using a spectrophotometer, we could measured the absorption first in the red and then in the blue regions of the spectrum and precisely quantify the concentration of the two species. However, this would still not tell us about the inter-conversion between the two forms of the dye because, at steady state, on average each molecule changing from red to blue would be matched by another changing from blue to red. Now, if we were to observe individual molecules, let us say by spreading them sparsely on a microscope coverslip, then the picture we would obtain is very different. We would then see immediately that individual molecules were either blue or red and we would also notice that they fluctuated in colour. By measuring the time spent in each coloured state or by counting the proportion of molecules that were a particular colour at an instant in time, we could deduce the equilibrium constant. But this kind of experiment tells us more since we can also measure the time spent in each state. This means that we can calculate the rate constants governing inter-conversion between the two states. We might also discover something totally new about the system; we might find that the molecules go dark for a period of time between coloured states -or the polarization of different coloured forms might be different (e.g. if their absorption or emission dipoles switched due to a conformational change) or, by measuring the centroid of the optical signals, we might find that the centre of the two chromophores had different positions [2] .
Single-molecule imaging in cell biology
To understand how a pair of different molecules interact in a living cell, we might think of attaching a different coloured probe to each species and simply watch how they move together or move apart. To realize this aim, we would need to label the interacting components with suitable probes, visualize the probes above the optical background signals produced by the cellular milieu and then analyse the data in a statistically meaningful way. One of the beauties of singlemolecule observation is that stochastic behaviour of individual molecules belies their molecular dynamics. However, one of its vagaries is that the stochastic nature of the signals requires careful statistical testing to ensure that meaningful properties of the ensemble [3] are reported and the observer is not misled by rare events that support a pet theory.
In order to discern individual molecules from background within an optical microscope, the molecular species being observed should be present at less than nanomolar concentrations. There will then be less than 1 molecule/µm 3 , which satisfies the Raleigh criterion for resolving each particle as a separate source of light (i.e. ∼300-500 nm spacing between each particle). There is a wide choice of (i) imaging techniques, e.g. phase contrast, dark field, fluorescence or bioluminescence; (ii) imaging mode, e.g. confocal, epifluorescence, TIRF (total internal reflection fluorescence) or FCS (fluorescence COSY); and (iii) probe or tag, e.g. nanogold or other nanoparticles [4] , synthetic fluorophores, GFP (green fluorescent protein), QDs (quantum dots) [5, 6] or non-linear optical particle, giving manifold combinations of technologies each with its own merit. To date, the best used have been confocal, epifluorescence and TIRFM (TIRF microscopy) combined with a variety of fluorophores or QDs, or the use of dark field microscopy to visualize nanoparticles. In the present paper, we will concentrate on use of fluorophores attached specifically to biomolecules combined with epifluorescence or TIRFM.
TIRFM is a wide-field imaging method that relies on nearfield (or evanescent wave) excitation. An evanescent wave is generated at the interface between two optical media when the incident beam of light enters at the so-called critical angle required to produce total internal reflection. For example, the interface between a microscope coverslip and water (or perhaps an adhered mammalian cell) requires an incident angle of 64
• . This can be achieved by shining a laser beam into the back aperture of a very high numerical aperture objective lens (numerical aperture >1.4) [7] . The evanescent wave penetrates the specimen to a depth of approx. 100 nm, so only fluorescent molecules close to the coverslip are excited. However, because the evanescent wave is generated right across the object plane, a wide-field image of the specimen (perhaps 100 µm × 100 µm area) can be obtained. The method gives very high contrast, so individual fluorophores can be visualized as separate, diffraction-limited, spots of light and background fluorescence from out-of-focus fluorophores and cell autofluorescence is minimized. Images can then be recorded by a sensitive camera system that allows hundreds of individual fluorophores to be tracked simultaneously with a time resolution of approx. 40 ms/frame. Intense laser illumination means that the rate of photon emission from a single fluorophore is up to 10 7 photons/s [8] . But at such high laser powers, the average observation time before photobleaching is only a few milliseconds [8] . From a practical standpoint, excitation intensity (e.g. laser power) needs to be adjusted to give an emission rate and fluorophore bleaching time that is appropriate to the type of experiment. Because photon counting statistics, noise level and mean time to photobleaching interact in a somewhat competing manner, slow processes require low laser power, whereas fast processes require high laser power. In the following section, we review some of the single-molecule studies using live cells. This is by no means meant to be an exhaustive literature review, neither is it supposed to deal with the correct chronology of the evolution of the techniques or discoveries. It is simply designed to give the reader an overview of some of the recent work in the field (see Figure 1) .
From multimolecule to single-molecule studies in live cells
In order to visualize cytoskeletal dynamics inside living cells, a method that involves monitoring the correlated motion of many hundreds of fluorescently labelled actin molecules has been devised [9] . The technique, known as 'speckle microscopy', works by computing the cross-correlation of fluorophore movements. By analogy, although one might not be able to resolve the motion of an individual ripple on the surface of a stream of water, one can readily deduce the direction of flow by looking at the pattern of correlated motions of many hundreds of tiny ripples. Our eyes are particularly good at detecting such correlated movements and the same effect can be achieved by computer software. Dynamics of the actin cytoskeleton are critical to the locomotion of cells and understanding the pattern of actin flow using speckle microscopy has contributed to this understanding. A related technique, which gives information about molecular dynamics within a cell by sampling and correlating the behaviour of many tens or hundreds of individual molecules, is known as FCS [10] . FCS is not an imaging technique but instead relies on detecting the diffusion of fluorophores within a single spot of laser light. Flashes of light produced as individual fluorophores enter and leave are recorded using a photomultiplier and autocorrelation analysis gives an estimate of their diffusion coefficient. If proteins are labelled with different coloured fluorophores and the fluorescent signals are sent to different photomultipliers, then cross-correlation between the signals can be used to test for protein-protein association.
We now turn our attention to imaging methods that enable single molecules to be visualized and their true individual behaviour followed in time. Using episcopic, wide-field illumination [11] , the intranuclear mobility of β-galactosidase (P4K), covalently conjugated to Alexa Fluor R 488 dye at a stoichiometry of five fluorophores per protein tetramer has enabled molecules to be localized and tracked in the nuclei [15] ; (e) Seisenberger et al. [13] ; (f) Watanabe and Mitchison [9] ; (g) Mashanov et al. [7] ; (h) Tardin et al. [5] ; (i) Dahan et al. [20] ; (j) Kues et al.
[11]; (k) Berg and Cheney [21] ; and (l) Iino et al. [16] .
of permeabilized 3T3 cells with a spatial accuracy of approx. 30 nm and a time resolution of 18 ms. The authors of this study found that protein mobility within the nucleus is heterogeneous, exhibiting both mobile and relatively immobile fractions and concluded that protein diffusion within the nucleus does not follow a simple random walk [11] . Epifluorescence microscopy has also been used to study the dynamics of individual L-type Ca 2+ channels expressed as a fusion protein conjugated to YFP (yellow fluorescent protein) localized to the plasma membrane of cultured human cells [12] . These ion channels regulate the flow of Ca 2+ across the membrane and their molecular mobility and clustering are thought to be important to their function. The fluorescence data indicate that L-type Ca 2+ channels form aggregates of two to four molecules that are mobile in the plasma membrane. Because YFP fusion protein constructs have known stoichiometry of labelling (in this case one-to-one), the degree of oligomerization can be determined from the distribution of intensities of individual fluorescent objects compared with the intensity of single YFP molecules. One advantage of wide-field epifluorescence over TIRF illumination is that fluorescence intensity data are much more straightforward to quantify. This is because the evanescent field strength in TIRFM decays very rapidly with distance from the coverslip surface.
Single-fluorophore tracking has also been applied to the study of adenovirus infection pathways [13] . Individual virions, labelled with the dye cy5 were observed using epifluorescence microscopy as they infected living, cultured HeLa cells. By tracking the path of individual fluorophores, the authors of this work discovered three distinct modes of virion movement within the cell: (i) random walk behaviour (i.e. free diffusion within the cytoplasm), (ii) tethered motion (i.e. attached to the cytoskeleton), and (iii) active motility (i.e. driven by a microtubule-based molecular motor) [13] .
TIRFM has the advantage of significantly better signal-tonoise compared with epifluorescence microscopy and the technique has been used to visualize EGFR [EGF (epidermal growth factor) receptor] on the surface of living cells [14] . The location, movement and binding of single EGFR molecules with bound EGF conjugated to a fluorescent dye called Cy3 show that a significant proportion of EGFR molecules form dimers and binding of EGF to an EGFR dimer is ten times tighter than to a monomer. The same laboratory has gone on to apply similar methods to analyse chemotaxis in Dictyostelium cells [15] . In this study, a fluorescent analogue of cAMP (Cy3-cAMP) was used to monitor binding to cellsurface receptors. Although mobility of the cAMP receptors in anterior and posterior halves of the cell was similar, the dissociation rate of cAMP from the receptor was three times faster in the advancing pseudopod compared with the tail region [15] .
TIRFM has been used to study E-cadherin dynamics and clustering at the cell membrane of cultured fibroblasts [16, 17] . E-cadherin is a calcium-dependent, cell-cell adhesion molecule. Because it is an anchoring molecule, its diffusional mobility is expected to be slow. By tracking the motion of individual fluorophores, the authors found that in fact some E-cadherin molecules undergo fairly rapid Brownian diffusion, moving freely within the plasma membrane, while other molecules undergo much more confined motion. In the same study, analysis of the distribution of intensities of fluorescence of individual spots revealed that many of the EGFP (enhanced GFP)-E-cadherin molecules exist as oligomeric complexes ranging from dimers to decamers. (C) In a later record, using time-lapse imaging, the average illumination power was reduced by a factor of five. Now the average residency times are now much longer. The observed rate constant for fluorophore disappearance (k off ) is the sum of photobleaching and detachment rates, k pb and k d respectively. Photobleaching rate, k pb , is proportional to illumination power, ξ , and assuming that the processes are irreversible, then k off = ξ k pb + k d . At high laser intensity, the dominant process will be ξ k pb , while at low intensity (ξ ∼ 0) it will be k d .
Because gold nanoparticles give much higher contrast ratios (and more photons per second) than single fluorophores, very high time resolution measurements of protein and lipid diffusion are possible. One group has pushed the resolution to 40 000 video frames/s. Results from this work indicate that some plasma membrane lipids exhibit compartmentalized or 'hop' diffusion [18] . Integral membrane proteins can also be labelled with small (500 nm diameter) latex beads and this has enabled measurement of AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) receptor diffusion in membranes of neuronal cells [19] . High spatial and temporal resolution also can be achieved by using QDs conjugated to integral membrane proteins [20] . Because QDs are very bright and are very resistant to photobleaching, they can be observed and tracked for extended periods of time (thousands of seconds). The main problems associated with use of larger probes, such as QDs, beads and nanogold, in singlemolecule research is that they might affect normal function of the molecule to which they are attached and also the stoichiometry of labelling is uncertain.
Exemplar study
To conclude, we now present some new findings to illustrate two analytical approaches used in TIRF-based single-fluorophore imaging, applied to studies of GFP-tagged fusion proteins expressed within live mammalian cells. First is the use of time-lapse TIRF imaging to study the binding dynamics of PH domains (pleckstrin homology domains) subcloned from the molecular motor myosin-X [21] . PH domains bind to phosphoinositide phospholipids and are responsible for targeting proteins to the plasma membrane. To investigate the rate at which the PH domains unbind from their target phospholipids, we used transient transfection to introduce a fusion construct of the so-called PH3 domain of myosin-10 fused to EGFP (the wavelength-shifted, S65T, variant form of GFP) into cultured 3T3 fibroblasts (see [7] for further details). In this cell line, the mobility of the PH3 domain is very low and it is possible to observe individual EGFP-tagged molecules appearing and then disappearing at the basal plasma membrane. A sudden fluorescence increase occurs when an EGFP-PH domain diffuses from the cytoplasm and binds at the membrane. Because the fluorophore is spatially constrained within the evanescent field, it appears as a bright spot in the camera image. After a period of time, fluorophore intensity suddenly falls to background level. This occurs either because the PH domain has dissociated from the membrane and diffused away or because the EGFP photobleached. By varying the average illumination intensity (changing the 'illumination duty ratio') in a systematic fashion, it is possible to fraction out these two processes. Photobleaching rate is proportional to illumination intensity, whereas (we assume) dissociation rate is unaffected (Figure 2) . The true unbinding rate can be determined from the y-intercept of a plot of average laser power versus residency time of the fluorophore image at the membrane.
We have also studied the mobility of a different genetic construct, consisting of all three myosin-10 PH domains (PH123) fused to EGFP [22] , but this time within endothelial cells in which lateral mobility of the PH domains is much higher. By tracking the movement of many hundreds of individual fluorophores, we obtain an estimate of the diffusion coefficient from a plot of MSD (mean squared displacement) against time lag between measurements ( t) [where D lat = MSD/(4 t)] (Figure 3) . By studying the movement of individual molecules, we can test if the behaviour of the population is homogeneous. If it is, then we expect the distribution of estimated diffusion coefficients to be similar to a MaxwellBoltzmann distribution [23] . In the data set presented here, we find indeed that behaviour does not deviate greatly from this simple diffusive model. However, one should note that the raw data sets contain individual molecules that appear stationary during the observation period, while others show very rapid motion (see Figure 3 ). This apparent variation in mobility is explained by the statistics of thermal motion and demonstrates the importance of collecting large data sets and not focusing attention on what appear to be 'interesting' rare events.
The second type of information that can be obtained from analysis of diffusional paths is whether individual molecules diffuse in a homogeneous fashion over all time scales. The issue here is not whether there is variability between molecules but whether individual molecules behave in a non-ideal manner (e.g. MSD is no longer directly proportional to time). Anomalous diffusion can be caused by cytoskeletal networks, lipid rafts or protein crowding. By calculating the MSD over all possible pairs of positions (separated by all possible time lags) (see inset of Figure 3A for details), one can test if the gradient (hence diffusion coefficient) is constant or if it 'bends over' or shows inflections at longer sample times. In the experiment presented here, we find that the gradient of the MSD versus dt plot is well fitted by a straight line, so diffusive motion is adequately described by a simple random walk over all measured time scales. The somewhat unusual aspect of the data presented here is that it is consistent with a simple conceptual model of the plasma membrane being a homogeneous structure, in which obstructions to free diffusion occur on either much shorter or much longer time scales than those accessible in the present study.
Concluding remarks
There is no doubt that the number and scope of single-molecule imaging studies in live cells will increase rapidly in the future. Clearly, there are physical limits to what is possible in terms of single-molecule research. However, we can anticipate steady improvements in imaging techniques, camera design and computing power and perhaps more radical advances in organic and inorganic molecular probes. We expect that these new tools will fulfil the promise of being able to obtain direct biochemical and biophysical readouts from molecular systems operating within the context of a living cell.
